Aim: To investigate whether activation and translocation of extracellular signalregulated kinase (ERK) is involved in the induction and maintenance of neuropathic pain, and effects of activation and translocation of ERK on expression of pCREB and Fos in the chronic neuropathic pain. Methods: Lumbar intrathecal catheters were chronically implanted in male Sprague-Dawley rats. The left sciatic nerve was loosely ligated proximal to the sciatica's trifurcation at approximately 1.0 mm intervals with 4-0 silk sutures. The mitogen-activated protein kinase kinase (MEK) inhibitor U0126 or phosphorothioate-modified antisense oligonucleotides (ODN) were intrathecally administered every 12 h, 1 d pre-chronic constriction injury (CCI) and 3 d post-CCI. Thermal and mechanical nociceptive thresholds were assessed with the paw withdrawal latency (PWL) to radiant heat and von Frey filaments. The expression of pERK, pCREB, and Fos were assessed by both Western blotting and immunohistochemical analysis. Results: Intrathecal injection of U0126 or ERK antisense ODN significantly attenuated CCI-induced mechanical allodynia and thermal hyperalgesia. CCI significantly increased the expression of p-ERK-IR neurons in the ipsilateral spinal dorsal horn to injury, not in the contralateral spinal dorsal horn. The time courses of pERK expression showed that the levels of both cytosol and nuclear pERK, but not total ERK, were increased at all points after CCI and reached a peak level on postoperative d 5. CCI also significantly increased the expression of pCREB and Fos. Phospho-CREBpositive neurons were distributed in all laminae of the bilateral spinal cord and Fos was expressed in laminae I and II of the ipsilateral spinal dorsal horn. Intrathecal injection of U0126 or ERK antisense ODN markedly suppressed the increase of CCI-induced pERK, pCREB and c-Fos expression in the spinal cord. Conclusion: The activation of ERK pathways contributes to neuropathic pain in CCI rats, and the function of pERK may partly be accomplished via the cAMP response element binding protein (CREB)-dependent gene expression.
Introduction
Peripheral nerve injury induced in various ways may produce chronic pain states characterized by hyperalgesia, allodynia and spontaneous pain. To date, there is no effective treatment for releasing neuropathic pain. Recently, the synaptic plasticity of spinal cord neurons induced by longlasting nociceptive stimulation (also called central sensitization) has been under intensive investigation [1] [2] [3] . Several studies have suggested that central sensitization related to pain, and hippocampal long term potentiation (LTP) associated with learning and memory, may share certain mechanisms [4, 5] . For example, activation of N-methyl-D-aspartate (NMDA) receptor and the subsequent associated intracellular signal transduction cascades are involved in the induction, development and maintenance of synaptic plasticity in the spinal cord and hippocampus. Like the consolidation of early-phase LTP into late-LTP in the hippocampus, activity-dependent gene expression or transcription, which can increase the expression of pain-related receptors and signal proteins, plays an important role in conversion from acute nociceptive injury to chronic pain states [6, 7] . The transcription factor cAMP response element binding protein (CREB), which can be phosphorylated by multiple intracellular kinases in response to a vast range of physiological and pathological stimuli, is critical for activity-dependent gene expression. Genetic studies have shown that CREB contributes to hippocampal late-LTP and memory consolidation, and CREB activation may serve as a molecular switch to transform short-lasting into long-lasting synaptic plasticity in the hippocampus [8, 9] . Similarly, CREB has been suggested to contribute to the central sensitization associated with persistent pain states [10] [11] [12] . It has been proposed that NMDA activation-induced Ca 2+ influx can trigger an early phase of CREB phosphorylation and a persistent phase of CREB phosphorylation is mediated by a delayed extracellular signal-regulated kinase (ERK) signal cascade, which is important to the development and maintainment of chronic pain.
ERK, one member of the mitogen-activated protein kinase (MAPK) family, transduces a broad range of extracellular stimuli into diverse intracellular responses by producing changes in the level of gene expression or transcription. Activated ERK translocates from the cytosol into the nucleus and in turn phosphorylates CREB at serine residue 133. Phosphorylation of CREB binding to the cAMP response element (CRE) of the target gene regulates gene expression and mediates the roles of ERK. Many studies found that ERKmediated CREB phosphorylation is required for the induction of stable, late-phase LTP and long-term memory [13] [14] [15] . It has been reported that ERK may be involved in the modulation of nociceptive information and central sensitization produced by intense noxious stimuli and/or peripheral tissue inflammation [16] [17] [18] [19] [20] [21] . However, few studies have focused on the roles of ERK and the relationship between ERK and CREB in neuropathic pain produced by nerve injury, such as chronic constriction injury (CCI) of the sciatic nerve.
In the present study, we used a CCI model to investigate whether activation and translocation of ERK were involved in the induction and maintenance of chronic neuropathic pain, and to observe the effect of ERK on the expression of pCREB in chronic neuropathic pain.
Materials and methods
Animals One hundred and seventy-four male SpragueDawley rats (200-250 g) provided by the Experimental Animal Center of Xuzhou Medical College were kept under a 12 h/12 h light-dark cycle regimen, with free access to food and water. All experiments were approved by the Animal Care and Use Committee at the Xuzhou Medical College and were in accordance with the college's guidelines for the care and use of laboratory animals.
Implantation of intrathecal catheter For intrathecal drug administration, rats were implanted with catheters as described by Yaksh and Rudy [22] . In brief, under anesthesia with pentobarbital sodium (40 mg/kg, ip), rats were fixed, the occipital muscles were bluntly separated, then the cisternal membrane was exposed. Polyethylene catheters (PE-10) were inserted via an incision in the cisterna magna, and advanced 7.0-7.5 cm caudally to the level of the lumbar enlargement. Correct intrathecal placement was confirmed by injection of 10 µL 2% lidocaine through the catheter. The catheter was judged to be intrathecal if paralysis and dragging of bilateral hind limbs occurred within 30 s of this injection. Animals with signs of motor dysfunction were excluded from the experiment. The rats were housed individually after surgery and allowed to recover 5-7 d before the CCI test.
Chronic constrictive injury CCI of the sciatic nerve was performed as previously described by Bennett and Xie [23] . Briefly, under anesthesia with isoflurane, the left sciatic nerves of rats were exposed at the level of the middle of the thigh, and then four ligatures (4-0, silk thread) were tied loosely around proximal to the sciatica's trifurcation at 1.0-mm intervals. Sham surgery was done by exposing the left sciatic nerve without ligation.
Drug administration Intrathecal drug administration was accomplished using a microinjection syringe connected to the intrathecal catheter in awake, briefly restrained rats. The injection was performed manually over a 30 s period in a single injection volume of 10 µL followed by a flush with 10 µL physiological saline. The sequence of ERK antisense ODN was designed as reported previously [24] ; antisense: 5'-GCCGCCGCCGCC-GCCAT-3', directed against the initiation of the translation start site of rat ERK1 and ERK2 mRNA; mis-sense: 5'-CGCGCGCTCGCGCACCC-3'. ODN was synthesized by Shanghai Sangon (Shanghai, China) and modified with phosphorothioate. The efficacy of the antisense oligonucleotide in inhibiting ERK expression was confirmed at the protein level by Western blotting. Twelve hours after the last administration of the antisense oligonucleotide, the expression of the ERK protein was reduced by approximately 70% in the rat spinal cord (Figure 1 ).
Behavioral studies Mechanical allodynia was assessed by using von Frey filaments. Animals were placed on a wire mesh platform and covered with a transparent plastic dome (20 cm×25 cm×15 cm), and the animals were allowed to acclimate to their surrounds for 30 min before testing. Each filament was applied perpendicularly to the plantar surface of the hindpaw (ipsilateral to the side of surgery in nerve-injured animals). The paw withdrawal threshold (PWT) was determined by sequentially increasing and decreasing the stimulus strength (the "up-and-down" method), and the data were analyzed using the nonparametric method of Dixon, as described by Chaplan et al [25] . Thermal hyperalgesia was assessed with the paw withdrawal latency (PWL) to radiant heat according to the protocol of Hargreaves et al [26] . Rats were placed in clear plastic cages on an elevated glass plate and allowed to acclimate to their surrounds for 30 min before testing. A high intensity light beam was focused onto the plantar surface of the hindpaw through the glass plate. The nociceptive endpoints in the radiant heat test were the characteristic lifting or licking of the hindpaw; the time to the endpoint was considered the PWL. To avoid tissue damage, a cut-off time of 30 s was used. There were 3 trials per rat and 5 min intervals between trials.
The tests were performed on each of 3 successive days prior to surgery and alternate days up to 15 d after surgery. Eight animals per group were used for behavior tests.
To study the effect of U0126 and antisense-ODN on the rat's motor function, motor functions were evaluated by the observation of placing/stepping reflexes and righting reflexes and were conducted 5 min before the assessment of nociceptive responses.
Immunohistochemistry Immunohistochemical studies were performed as previously described [27, 28] . Briefly, the spinal cord was cut into 40 µm-thick segments. After washing in phosphate buffer saline, the tissue sections were incubated in phosphate-buffered saline containing 5% normal goat serum and 0.3% TritonX-100 at room temperature for 30 min, followed by primary polyclonal mouse-anti-pERK antibody (1:200), primary polyclonal rabbit-anti-ser133-pCREB (1:400) antibody or primary polyclonal rabbit-anti-Fos antibody (1:1000) at 4 °C for 48 h (all antibodies were from Santa Cruz Biotechnology, California, USA). The sections were then incubated in biotinylated goat anti-rabbit or -mouse IgG (1:200) at 37 °C for 1 h and in avidin-biotin-peroxidase complex (1:100) (Vector Labs, California, USA) at 37 °C for 2 h. Finally, the sections were reacted with diaminobenzidine (DAB) for 5-10 min. Sections were rinsed in phosphatebuffered saline to stop the reaction, mounted on gelatincoated slides, air-dried, dehydrated with 70%-100 % alcohol, cleared with xylene, and cover-slipped for microscopic examination.
We selected 5 spinal cord sections per animal, selecting sections that had the greatest number of positive neurons. For each animal, two measurements were made: (1) total number of positive neurons in the spinal cord dorsal horn ipsilateral to injury; (2) total number of positive neurons in the spinal cord dorsal horn contralateral to injury. All positive neurons were counted without considering the intensity of the staining.
Western blotting The lumbosacral spinal cords of the rats were extracted and stored in liquid nitrogen. Tissue samples were homogenized in lysis buffer A (in mmol/L): HEPES 10.0, Na 3 VO 4 1.0, MgCl 2 1.5, KCl 10.0, NaF 50.0, edetic acid (EDTA) 0.1, egtazic acid (EGTA) 0.1, phenylmethylsulfonyl fluoride (PMSF) 0.5, dithiothreitol (DDT) 1.0 and 0.02% protease inhibitor cocktail (pH 7.9). After the addition of 90 µL NP-40 (10%), the homogenates were vortexed for 30 s and then centrifuged at 800×g for 15 min at 4 °C. The supernatants were used for Western blot analysis as cytosolic proteins. The nuclear pellets were resuspended in buffer B (in mmol/L): HEPES 20.0, NaCl 420.0, MgCl 2 1.5, EDTA 1.0, EGTA 1.0, PMSF 0.5, DDT 1.0, 20 % glycerol, and 0.02% protease inhibitor cocktail (pH 7.9). The homogenates were incubated for 30 min in ice-cold water with constant agitation and then centrifuged at 13 000×g for 15 min at 4 °C to separate the nuclear proteins. Protein concentrations were determined using the Bradford method and the protein samples were stored at -80 °C.
Protein samples were dissolved in 4×sample buffer [in mmol/L: Tris-HCl 250.0, sucrose 200.0, DDT 300.0, 0.01% Coomassie brilliant blue-G, and 8% sodium dodecyl sulfate (SDS), pH 6.8], and denatured at 95 °C for 5 min, then the equivalent amounts of proteins were separated by using 10% SDS-polyacrylamide gel electrophoresis (PAGE) and transferred onto a nitrocellulose membrane. The membranes were incubated overnight at 4 °C with the following primary antibodies: mouse polyclonal anti-pERK antibody and rabbit polyclonal anti-ser133-pCREB. The membranes were extensively washed with Tris-Buffered Saline Tween-20 (TBST) and incubated for 1 h with the secondary antibody conjugated with alkaline phosphatase (AP) at room temperature. The immune complexes were detected by using a NBT/BCIP assay kit (Promega, Shanghai, China). The scanned images were imported into Adobe Photoshop software (Adobe, California, USA). Scanning densitometry was used for semiquantitative analysis of the data.
Experimental groups Rats were divided into six groups in the behavior test: the sham group, CCI group, U0126 group, Me 2 SO group, antisense ODN group and mis-sense ODN group. Four groups were included in the immunohistochemistry studies and the Western blot testing: the sham group, CCI group, U0126 group, and antisense ODN group. Because few pERK, pCREB and Fos-positive neurons were expressed in the spinal dorsal horn of sham group rats, these data are not shown in results.
Statistical analysis All data are expressed as mean±SD Statistical analysis was carried out using one-way ANOVA or Student's t-test. P<0.05 was considered statistically significant.
Results
Effects of U0126 or ERK antisense ODN on CCI-induced mechanical allodynia and thermal hyperalgesia Intrathecal administration of U0126 or ERK antisense-ODN did not affect the mechanical PWT, the thermal PWL, or motor function in the rats that received implanted intrathecal catheters. CCI, and not sham surgery, produced significant mechanical allodynia and thermal hyperalgesia. The time course of PWT and PWL is presented in Figure 2 . Intrathecal injection of U0126 or ERK antisense ODN, and not Me 2 SO or mis-sense ODN, attenuated CCI-induced mechanical allodynia and thermal hyperalgesia. CCI-induced ERK activation was also confirmed by Western blot analysis. Compared with sham group rats, the levels of both phospho-ERK1 (44 kDa) and phospho-ERK2 (42 kDa), not unphospho-ERK (data not shown), were increased at all measured time points after CCI (Figures 4, 5) . The expression of pERK reached a peak level on postoperative d 5. The increase in the nuclear fraction of pERK expression indicated that pERK was translocated into the nucleus from the cytoplasm. Intrathecal injection of U0126 or ERK antisense ODN markedly inhibited the increase in both cytosolic and nuclear pERK expression.
Effects of U0126 or ERK antisense ODN on CCI-induced pCREB expression in the spinal cord The immunohistochemical results revealed that CCI significantly increased the expression of pCREB, and pCREB-positive neurons were distributed in all laminae of the bilateral spinal cord. Expressions in the ipsilateral and contralateral spinal 
Discussion
Central sensitization, an activity-dependent functional plasticity, is one of the main causes of behavior hyperalgesia under pathological conditions. Activation of postsynaptic membrane receptors or ion channels, intracellular kinase cascades and intranuclear gene expression contributes to the induction, development and maintainment of central sensitization. Intracellular kinase cascades, as the linkage bridge, transduce noxious stimuli into diverse intracellular responses, including changes in the levels of gene expression or transcription. A large number of studies have implicated several protein kinases, for example, protein kinases A (PKA), protein kinases C (PKC) and calcium/calmodullindependent protein kinase II (CaMKII), in central sensitization [29] [30] [31] . Recently, several studies have reported that ERK, a mitogen-activated protein kinase, contributes to pain hypersensitivity and central sensitization. Acute noxious stimuli, such as formalin or capsaicin, induce ERK phosphorylation in spinal dorsal horn neurons, and MEK inhibitor PD 98059 or U0126 reduces acute pain behavior after subcutaneous injection of formalin or capsaicin [16] [17] [18] [19] [20] [21] . In agreement with previous reports using other pain models, the present studies indicate that activation of ERK in rat spinal cord contributes to CCI-induced allodynia and hyperalgesia. We demonstrated here, the time course of pERK and the relationship between pERK and pCREB expression in a CCI model. CCI induces long-lasting ERK phosphorylation and nuclear translocation in the spinal cord. The time course of changes in pERK expression, at least in part, correlated significantly with behavior hyperalgesia. Intrathecal injection of U0126 or ERK antisense ODN markedly attenuated CCIinduced mechanical allodynia and thermal hyperalgesia.
Nerve fibers display abnormal ectopic excitability at or near the site of nerve ligation after CCI. The local persistent abnormal excitation of sensory nerves can spread to the pe- [32] [33] [34] . It is possible that modulation of potassium channels may be involved in the short-term or acute effect of pERK. Our unpublished data show that CCI-induced hyperalgesia is reversed 30 min after intrathecal administration of U0126 on postoperative d 5.
Importantly, pERK is able to translocate from the cytoplasm into the nucleus and in turn phosphorylate the transcriptional factor CREB on serine 133. In the current study, CCI significantly increased the expression of pCREB in the rat spinal cord. The time course of pCREB expression correlates with the activation of ERK and behavioral hyperalgesia. Intrathecal injection of U0126 or ERK antisense ODN markedly inhibited the increase in pCREB expression. This suggests that activation of ERK may contribute to increased pCREB expression in the spinal cord of CCI rats, and that the function of pERK is partly accomplished via CREB-dependent gene expression. Phosphorylation of CREB on serine 133 recruits the CREB binding protein, CBP, to the complex and promotes the transcription of downstream genes. Many "pain genes", which may contribute to central sensitization, are activated by CREB, including the immediate early gene cfos, BDNF, CGRP, the alpha subunit of CaMKII, and the neurokinin 1 receptor. A considerable amount of evidence has indicated that CREB-dependent gene expression is re- quired for long-term changes in the synaptic plasticity induced by various nociceptive stimuli [10] [11] [12] [35] [36] [37] . We found that increases in pCREB expression occurred bilaterally in all laminae of the spinal cord in CCI rats. Expression levels in the ipsilateral and the contralateral sides were not significantly different. Fos protein was expressed only in the ispilateral spinal dorsal horn. Similar results have been reported in other pain models, for example, formalin injection and carrageenan injection [11, 12, 38, 39] . However, few interpreted this result consistently. Ji and Rupp speculated that signal strength might affect gene expression differentially with respect to protein phosphorylation [38] . We, however, favor the explanation that different intracellular signal transduction pathways contribute to pCREB expression in the ispilateral and the contralateral spinal cords. In the present study, pCREB was expressed in both sides of the spinal cord, but pERK only in the ipsilateral side. These results suggest that pERK contributed to pCREB expression in the ipsilateral spinal cord, but not in the contralateral spinal cord. Intrathecal injection of U0126 or ERK antisense ODN inhibited pCREB expression not only in the ispilateral spinal cord, but also in the contralateral spinal cord. This suggests that activation of ERK in the ispilateral spinal cord is also involved in pCREB expression in the contralateral spinal cord. CCI induces ipsilateral primary afferent terminals to release nociceptive neurotransmitters, which induces the NMDA receptor-dependent activation of intracellular kinase cascades, including the ERK pathway, in the spinal cord. Furthermore, cross-talk between intracellular kinase cascades can produce strong activation of signal pathways. Then some kinases phosphorylate CREB and regulate noxious-induced target gene expression, such as c-fos, in a pCREB-dependent manner. But how should we interpret pCREB expression in the contralateral spinal cord, which did not receive noxious inputs? Numerous lines of evidence have shown that unilateral noxious stimuli can indirectly induce the activation of several intracellular signal pathways in the bilateral spinal cord. For example, Solodkin et al reported that unilateral hindpaw inflammation produced a bilateral increase in NADPH-diaphorase in rat lumbar spinal cord [40] . Noxious stimuli also induce glial activation, and excitation of glia at one site can activate distant and even the contralateral dorsal horn glia via gap junctions and propagated calcium waves [41] . The ipsilateral noxious stimuli-induced activation of several intracellular signal pathways in the contralateral spinal cord may indeed be a critical factor in pCREB expression in the contralateral spinal cord. Because CREB phosphorylation in the contralateral spinal cord does not result from direct extracellular noxious inputs, it cannot upregulate the expression of the noxious marker gene, c-fos.
In summary, the present study found that activation of the ERK/CREB pathway in the spinal cord contributed to chronic constrictive injury-induced neuropathic pain.
